Cucumber (Cucumis sativus L.) roots were analyzed by HPLC and TLC for their levels of secondary metabolites upon inoculation with the arbuscular mycorrhizal fungus, Glomus caledonium. Three compounds in EtOAc extracts from the mycorrhizal roots showed signiˆcant increases six weeks after inoculation. These compounds were isolated by column chromatography and determined to be two novel triterpenes, 2b-hydroxybryonolic acid (2b,3b-dihydroxy-D:C-friedoolean-8-en-29-oic acid) and 3b-bryoferulic acid [3b-O-trans-ferulyl-D:C-friedooleana-7,9(11)-diene-29-oic acid], and the known triterpene, bryonolic acid, by spectroscopic methods. Time-course experiments showed that the levels of the three terpenoids in cucumber roots were signiˆcantly increased by the application of a 53-mm sieving from a soil inoculum of the arbuscular mycorrhizal fungus containing soil microbes but no mycorrhizal fungi, and that mycorrhizal colonization further promoted the terpenoid accumulation. Inoculation with Glomus mosseae also enhanced the accumulation of the triterpenes, whereas no accumulation was observed by inoculating with the fungal pathogen, Fusarium oxysporum f. sp. cucumerinum. 2b-Hydroxybryonolic acid was also isolated from the roots of melon and watermelon.
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Key words: arbuscular mycorrhizal fungus; soil microbe; triterpenoid; cucumber; Cucurbitaceae Plant roots interact with a wide variety of microorganisms living in the soil. The rhizospheric microbes, including bacteria and fungi, greatly aŠect plant growth and productivity in the agro-ecosystem. Arbuscular mycorrhizas are the most widespread form of symbiotic associations between soilborne fungi of the Glomales and plant roots. It has been calculated that they are able to colonize the roots of 80z of terrestrial plants. This symbiosis provides signiˆcant beneˆts for plants such as enhancing the phosphate supply and increasing the resistance to pathogens or environmental stress. 1, 2) The process of colonization of the fungus involves a complex sequence of interactions between the fungus and the plant roots. In addition to plants, the AM fungi also interact with many rhizospheric microbes in the soil throughout their life cycles. 3) There is increasing evidence that colonization of plant roots by AM fungi induces quantitative and qualitative changes to secondary metabolites in plants. Colonization of wheat and maize roots by AM fungi has induced the methylerythritol phosphate pathway, resulting in the accumulation of various glycosylated C13 cyclohexenone derivatives and an acyclic C14 polyene mycorradicin. 4) In Medicago truncatula and alfalfa roots, iso‰avonoid biosynthesis leading to phytoalexin production was transiently activated during the early stages of colonization, and then subsequently suppressed. 5, 6) In the course of an investigation of the secondary metabolite changes in cucumber roots during AM colonization, we found that the application of a 53-mm sieving from a soil inoculum containing soil microbes but no AM fungi increased the levels of three terpenoids, and that mycorrhizal colonization further promoted this terpenoid accumulation. We report here structural elucidation of the terpenoids and time-course characteristics of the accumulation of the compounds by soil microbe application and by AM fungus colonization.
Materials and Methods
Plant growth and inoculation. Surface-sterilized, pre-germinated seeds of cucumber (Cucumis sativus L. cv. Tokiwajibai) were planted in 70-ml glass tubes (q2.2×20 cm)ˆlled with heat-sterilized vermiculite (one plant per tube). For AM fungus colonization, a soil inoculum containing spores and hyphae of Glomus caledonium or Glomus mosseae, as well as accompanying soil microorganisms, was mixed with vermiculite (4:6, v W v) and placed at the center of the tubes as an 8 cm layer prior to planting. Each of the tubes contained 5 g of the soil inoculum. A control was prepared by mixing an equal amount of the heatsterilized soil inoculum (1809 C for 3 hrs). In order to apply soil microorganisms without AM fungi, 150 g of the soil inoculum were mixed with 300 ml of a 1 W 2 × Hoagland solution, and the mixture passed through a 53-mm soil sieve. Ten ml of the sieving containing soil microorganisms, but no viable AM fungal spores or hyphae, was added to tubes which had been prepared in the same manner as that described for the control tubes. Fusarium oxysporum f. sp. cucumerinum were cultured by reciprocal shaking in a synthetic medium, 7) the spores being suspended in sterilized distilled water and used as an inoculum for pathogenic fungus infection. Approximately 10 5 spores were placed at the center of tubes prepared in the same manner as that described for the control tubes before planting. The tubes were covered with aluminum foil to exclude light from the roots. After planting, all the tubes received 20 ml of a 1 W 2× Hoagland solution at pH 6.0 8) containing 0.25 mM NH4H2PO4 and were watered with 5 ml of the same solution three times a week. In experiments to assess the eŠect of phosphate on the triterpenoid accumulation in the roots, phosphate-supplemented plants were watered with a 1 W 2× Hoagland solution containing 2 mM phosphate (0.25 mM NH4H2PO4+ 1.75 mM KH2PO4). The plants were maintained in a growth cabinet with a 16 W 8-h day W night cycle at 26 W 229 C. The light intensity was 150 mE m "2 s "1 . The experiments were performed at least twice with similar results each time.
To assess the mycorrhizal colonization, root samples were cleared in 10z KOH and stained with 0.05z trypan blue in lactoglycerol, 9) before the degree of colonization was microscopically determined. 10) Trypan blue-stained roots from one replicate were cut into 1-2 cm fragments and dispersed in lactoglycerol. Root fragments were randomly collected and mounted on microscope slides aligned parallel to the long axis of the slide, before being observed at a ×200 magniˆcation. Theˆeld of view of the microscope was adjusted to make six, eight or ten complete passes across each slide perpendicular to its long axis. All intersections between the roots and the vertical eyepiece crosshair were considered. To examine each intersection, the plane of focus was moved completely through the root, and a note made of whether the vertical crosshair cut any AM fungal structures such as arbuscules, vesicles and hyphae. Totally, 100 to 150 intersections were taken for each slide. The percentage of mycorrhizal colonization was calculated by dividing the count for the AM fungal structures by the total number of intersections examined. Each value is the mean from three replicates of one plant each.
HPLC and TLC analysis. At each harvest, one tube from each treatment was collected to serve as a replicate. Root segments were excised and subjected to an analysis. Freshly harvested roots (approximately 300-900 mg fresh weight) were washed with water, weighed, and then extracted in 5 ml of MeOH by sonicating for 30 min. The resulting MeOH extract was concentrated in vacuo, and the residue was partitioned three times between EtOAc and H2O (2 ml each). After evaporation, the EtOAc extract was dissolved in 400-700 ml of EtOAc and used for a chromatographic analysis. HPLC separation was performed on an Inertsil C8 column (q4.6×150 mm, 5 mm, GL Sciences, Japan)ˆtted with a guard column, and linear gradient elution was applied at a ‰ow rate of 0.8 ml W min within 45 min from 80z MeCN in 0.1z H3PO4 to 95z MeCN in 0.1z H3PO4. The compounds eluted from the column were monitored at 210 nm. Bryonolic acid, 2b-hydroxybryonolic acid, and 3b-bryoferulic acid were quantiˆed from the peak area of the sample with reference to the calibration of the isolated compounds. Each value is the mean±SD from three replicates of one plant each. A TLC analysis was performed on silica gel (Kieselgel 60 F 254 , Merck, Germany). The spots were detected by their exposure to UV radiation and W or by spraying vanillin-H2SO4 with subsequent heating on a hot plate.
Preparative inoculation by the AM fungus and isolation of bryonolic acid, 2b-hydroxybryonolic acid and 3b-bryoferulic acid. Surface-sterilized, pregerminated seeds of cucumber were planted in 200-ml plastic pots containing vermiculite mixed with 10-20 g of the AM fungus inoculum. The plants were grown in a growth cabinet for 49 days under the same conditions as those already described. Cucumber AM roots from 36 plants were transferred to 1 l of MeOH and allowed to stand for 5 days. The resulting MeOH extract was evaporated to give a thick aqueous solution which was partitioned with EtOAc. The organic phase was evaporated to dryness, providing 438 mg of a crude extract. This extract was chromatographed on a silica gel column (Wakogel C-200, Wako Pure Chemical Industries, Japan) eluted stepwise with solvents of increasing polarity from n-hexane through to EtOAc. The fraction eluted with 80z EtOAc was rechromatographed on a silica gel column (Kieselgel 60, Merck, Germany) eluted stepwise from CHCl3-0.1z HOAc through acetone-0.1z HOAc. Bryonolic acid 1 (54.6 mg) and 2b-hydroxybryonolic acid 2 (10.3 mg) were obtained by recrystallizing from EtOAc from the fractions eluted with 9-15z and 18-24z acetone, respectively. The fractions eluted with 3-6z acetone from the second chromatographic run were rechromatographed on a silica gel column (Kieselgel 60) eluted stepwise from petroleum ether through to acetone. The fractions eluted with 10-15z acetone were further puriˆed by a silica gel column (Kieselgel 60) eluted stepwise from petroleum ether through to MeOAc, andˆnally, the fractions eluted with 25z MeOAc were chromatographed on an Inertsil C8 HPLC column (q4.6×150 mm, 5 mm, GL Sciences, Japan) by employing isocratic elution with 90z MeCN-H2O (0.1z HOAc) at a ‰ow rate of 0.8 ml W min and monitoring at 254 nm to give 3b-bryoferulic acid 3 (1.9 mg, tR 10 min) and the cisferulyl isomer of 3 (1.4 mg, t R 13 min). The isolation of 2b-hydroxybryonolic acid 2 from melon (Cucumis melo L. cv. Newmelon) and watermelon (Citrullus lanatus Matsum. et Nakai cv. Zuisho) was carried out in the same manner as that just described.
Spectroscopic methods. Mp data were taken by Yanaco micro-melting point apparatus and are uncorrected, and optical rotation data were measured with a Horiba SEPA-300 polarimeter. IR spectra were recorded with a Perkin-Elmer 1760X FT-IR spectrophotometer, and UV spectra were measured with a Hitachi model U-3210 instrument. Mass spectra were recorded with a JEOL JMS-DX300 instrument, and 1 H-and 13 C-NMR spectra were obtained with a JEOL JNM-A500 NMR spectrometer. Chemical shifts are given on a d (ppm) scale with TMS as an internal standard. Antimicrobial assay. The antimicrobial activity of the compounds against the bacteria, Bacillus subtilis and Escherichia coli, and the fungi, Aspergillus candidus, Cladosporium herbarum, and Fusarium oxysporum f. sp. Cucumerinum, was tested by the serial 2-fold dilution method as described previously.
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Results and Discussion
HPLC and TLC analysis of the EtOAc extracts from cucumber roots revealed signiˆcant increases of three compounds in Glomus caledonium-inoculated roots six weeks after inoculation (Fig. 1) . These compounds produced light blue or violet spots by the vanillin-sulfuric acid reagent in TLC, suggesting that they were terpenoids. One of the compounds was detected as a dense UV light-absorbing spot under 254 nm UV light, while the others showed no absorption. These compounds were isolated by column chromatography and subjected to a spectroscopic analysis.
Compound 1, obtained as colorless needles, was identiˆed as bryonolic acid by a detailed analysis of the 1D-and 2D-NMR, IR and MS spectral data, and by comparing the data with those reported in the literature. [12] [13] [14] Compound 2 was also obtained as colorless needles. The molecular formula of 2 was determined to be C30H48O4 by HREIMS and NMR data (Table 1) , being indicative of seven degrees of unsaturation. The 1 H-and 13 C-NMR spectra of 2 were similar to those of 1, except for the presence of one more oxymethine group (dH 4.35; dC 71.7) instead of the methylene group in 1 (dH 1.02, 1.85; dC 28.8), suggesting triterpene 2 to be a bryonolic acid derivative bearing one more hydroxyl group. The newly appearing oxymethine proton at dH 4.35 had a correlation with the oxymethine proton at dH 3.33 that was assigned to H-3 in the 1 H-1 H COSY spectrum, suggesting their The control and G. caledonium-inoculated roots were extracted six weeks after inoculation and subjected to an HPLC analysis. The compounds corresponding to peaks 1, 2 and 3 were respectively determined to be bryonolic acid, 2b-hydroxybryonolic acid, and 3b-bryoferulic acid. The asterisks mark the peaks corresponding to stigmasterol, the levels of which showed no signiˆcant diŠerences between the control and G. caledoniuminoculated cucumber roots.
vicinal arrangement. Furthermore, the oxymethine proton had long-range correlation with the quaternary carbon at dC 39.0 that was assigned to C-4 and with the oxymethine carbon at dC 78.4 that was assigned to C-3 in the HMBC spectrum. This conˆrmed the position of the hydroxyl group to be at C-2. The coupling constant (3.7 Hz) between H-2 and H-3 indicated the hydroxyl group to be of b-orientation, which was further supported by the NOESY correlations of H-2 with H-3 and of H-3 with H3-23. Thus, the structure of 2 was determined to be 2b,3b-dihydroxy D:C-friedoolean-8-en-29-oic acid, i.e., 2b-hydroxybryonolic acid.
Compound 3 was obtained as a colorless amorphous solid. The molecular formula of 3 was determined to be C40H54O6 by HREIMS and NMR data ( Table 1 ). The IR spectrum indicated the presence of hydroxyl (3410 cm "1 ), carbonyl (1674 cm "1 and 1705 cm "1 ) and oleˆnic (1597 cm "1 , 1635 cm "1 and 1653 cm "1 ) groups. Based on the analysis of 1D and 2D NMR spectra, together with the EIMS data, 3 was suggested to be a D:C-friedooleanane type triterpene bearing an a-oriented carboxyl group at C-20, a boriented ferulyl ester group at C-3, and a D 7,9(11) -conjugated diene system. 15) Further conˆrmation of 3 to be the ferulyl ester of a triterpene alcohol was provided by the release of ferulic acid by the 1z KOH-MeOH alkali hydrolysis of 3 and by the fragment ion observed at m W z 177 which is consistent with C10H9O3 in the EIMS data. The presence of a trans-ferulyl ester group was indicated by the existence of an ester carbonyl carbon at dC 167.1 in the 13 C-NMR spectrum, and two trans-coupled protons at d H 6.28 and d H 7.58 (each 1H, d, J＝15.9 Hz), the 1,2,4-trisubstituted benzene protons at dH 6.89 (1H, d, J＝8.2 Hz), dH 7.02 (1H, d, J＝1.9 Hz) and dH 7.06 (1H, dd, J＝1.9, 8.2 Hz), and the methoxy protons at dH 3.91 in its 1 H NMR spectrum. The placement of substitutions on the benzene ring was determined to be 3!-methoxy-4!-hydroxy, since correlation of the methoxy protons at dH 3.91 to C-3! (dC 146.7) was observed in the HMBC spectrum. The 1 H-NMR spectrum revealed that the cis-ferulyl isomer of 3 was also present in the HPLC-puriˆed sample in the ratio of 8 (trans) to 2 (cis). The signals for the cis-ferulyl group were observed as two ciscoupled protons at dH 5.81 and dH 6.76 (each 1H, d, J＝13.0 Hz), 1,2,4-trisubstituted benzene protons at dH 6.85 (1H, d, J＝8.4 Hz), dH 7.79 (1H, d, J＝ 1.8 Hz) and dH 7.08 (1H, dd, J＝1.8, 8.4 Hz), and methoxy protons at dH 3.90. Although two isomers were successfully separated by HPLC under the conditions described in the Materials and Methods section, each isomer was found to be rapidly converted to a mixture of cis-trans isomers. Thus, the structure of 3 was determined to be 3b-O-trans-ferulyl-D:Cfriedooleana-7,9(11)-diene-29-oic acid. Complete as- signment of the 13 C-and 1 H-NMR signals was achieved only for trans isomer 3 in this study. The compound was named 3b-bryoferulic acid for bryocoumaric acid [3a-O-trans-coumaryl-D:C-friedooleana-7,9(11)-diene-29-oic acid], a structural analog isolated from Bryonia dioica. Figure 2 shows the accumulation patterns of triterpenoids 1, 2 and 3 in cucumber roots. The percentages of mycorrhizal colonization in Glomus caledonium-inoculated roots were 4.2, 14, 31, 69 and 88 at 2, 3, 4, 6 and 8 weeks postinoculation, respectively. No colonization was observed in the control and sieving-applied roots. Bryonolic acid 1 and 2b-hydroxybryonolic acid 2 exhibited a continuous increase in the control, sieving-applied, and Glomus caledonium-inoculated roots. The application of the 53-mm sieving and inoculation with the mycorrhizal fungus stimulated the accumulation of the two terpenes in cucumber roots. Although there were no signiˆcant diŠerences in the levels of bryonolic acids 1 and 2 in cucumber mycorrhizas when compared with the sieving-applied roots from two to six weeks postinoculation, greater accumulation was observed in the mycorrhizal roots than in the sieving-applied roots at eight weeks postinoculation. In contrast to bryonolic acids 1 and 2, the accumulation of 3b-bryoferulic acid 3 in the Glomus caledonium-and sieving-applied roots was transient, starting from two weeks after inoculation and reaching the maximum level at six weeks postinoculation. There was no signiˆcant diŠerence in the level of 3b-bryoferulic acid 3 between the Glomus caledonium-inoculated Each value is the mean±SD for three replicates from one plant each. and sieving-applied roots at any sampling point; however, the mycorrhizal fungus inoculation tended to promote the accumulation at the early stages of incubation. The Glomus caledonium-inoculated and sieving-applied roots contained ca. 2-fold more of compound 3 than the control roots six weeks after inoculation.
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The mycorrhizal colonization-promoted accumulation of bryonolic acids 1 and 2 was further supported by an experiment which examined the eŠect of high phosphate nutrition on the accumulation of the triterpenes in cucumber roots (Table 2 ). It was found that a high concentration of phosphate inhibited the infection and intraradical growth of AM fungi, possibly through phosphate-mediated physiological alteration of the roots.
17) The degree of mycorrhizal colonization in cucumber roots grown under highphosphate conditions was much lower than in those grown under low-phosphate conditions in this experiment. The levels of bryonolic acid 1 and 2b-hydroxybryonolic acid 2 were lower in the control, sievingapplied, and Glomus caledonium-inoculated roots grown under high-phosphate conditions than in those grown under low-phosphate conditions. In particular, a dramatic decrease in the level of bryonolic acid 1 and 2b-hydroxybryonolic acid 2 was observed in mycorrhizal roots grown under high-phosphate conditions, suggesting that mycorrhizal colonization contributed to the elevated accumulation of triterpenes 1 and 2 in cucumber roots. In contrast, the level of 3b-bryoferulic acid 3 was higher in the control, sieving-applied, and G. caledonium-inoculated roots grown under high-phosphate conditions than in those grown under low-phosphate conditions.
The results of infection by the other AM fungus, Glomus mosseae, and by the pathogenic fungus, Fusarium oxysporum f. sp. cucumerinum, are shown in Table 3 . An increased accumulation of triterpenes 1, 2 and 3 in the cucumber roots was observed from the mycorrhizal fungus infection, whereas the levels of these three triterpenes in the roots inoculated with the pathogenic fungus were comparable to, or slightly lower than those in the control roots.
Triterpenes 1, 2, and 3 were subjected to an antimicrobial assay. None of these compounds showed antimicrobial activity against the bacteria, Bacillus subtilis and Escherichia coli, or against the fungi, Aspergillus candidus, Cladosporium herbarum, and Fusarium oxysporum f. sp. cucumerinum, at a concentration of 250 mg W ml. Bryonolic acid 1 has been shown to be widely distributed in the roots of various cucurbitaceous plants. 18) EtOAc extracts of melon (Cucumis melo L.) and watermelon (Citrullus lanatus) roots were examined on the presence of 2b-hydroxybryonolic acid 2, since this compound is presumed to be biosynthesized by the hydroxylation of bryonolic acid 1 at the C-2 position. HPLC and TLC analyses showed that a compound corresponding to 2b-hydroxybryonolic acid 2 was present in the roots of both (ca. 30 and ca. 100 mg W g fr. wt. in 40 day-old control roots of melon and watermelon, respectively). The compound was isolated from both plant roots and identiˆed as 2b-hydroxybryonolic acid 2 by MS and NMR analyses (data not shown). A preliminary experiment showed that the level of compound 2 in melon and watermelon roots was signiˆcantly increased by the application of a soil inoculum of Glomus caledonium (data not shown).
The present study has shown that the accumulation of bryonolic acid and its related compounds in cucumber roots was stimulated by soil microbes contained in an AM soil inoculum, and that AM colonization further promoted the terpene accumulation in the roots. The role of these triterpenes in plantmicrobe interaction remains to be investigated. The facts that these triterpenes showed no antimicrobial activities, and that a pathogenic interaction with F. oxysporum f. sp. cucumerinum did not cause their accumulation suggest that the accumulation was not likely to have been a defense-related response, as has been observed with the transient increase of hydroxycinnamic acid amides, putrescine and agmatine conjugates, in barley mycorrhizal roots. 19) The pharmacological activity of bryonolic acid 1 such as its anti-allergic and cytotoxic eŠects on animals and animal cells 20, 21) implicates that these compounds might also act on some cellular processes in either soil microbes or in the plant itself during plant-microbe interaction. The presence of 2b-hydroxybryonolic acid 2 in melon and watermelon, together with the wide distribution of bryonolic acid 1 in the roots of cucurbitaceous plants suggests that the AM funguspromoted accumulation of bryonolic acid and its related compounds might be a common phenomenon in Cucurbitaceae.
